pollinator communities provide more stable and productive ecosystem services (Rogers et al., 2014) .
Among social species, the honey bees are the primarily managed pollinator in agriculture and although the increased use of them may mitigate the loss of pollination services caused by the decline of solitary bees, they cannot entirely substitute the contribution of solitary bees to crop pollination (Winfree et al., 2008; Garibaldi et al., 2013) . Therefore, a better knowledge of factors driving the population dynamics of solitary bees is essential for the future conservation of suitable habitats and ecological interactions (Kearns et al., 1998) . Population dynamics can be driven by resources (bottomup) or by natural enemies (top-down). Bottom-up factors mainly act as density-independent factors that limit population growth while top-down factors, i.e., natural enemies, can regulate population dynamics by positive density-dependent parasitism or predation (Berryman, 2001) . Universidade de São Paulo, Ribeirão Preto, São Paulo, Brazil RESEARCH ARTICLE -BEES Therefore, natural enemies are important components associated with populations comprising the bee communities, responsible for many adult and immature deaths (Rocha-Filho et al., 2017) . Despite this, while mutualistic interactions between plant-pollinator have received much attention, the antagonistic interaction between natural enemies and their host bees remain poorly investigated.
In general, natural enemies of solitary bees are insects belonging to three orders, Hymenoptera, Diptera and Coleoptera (Krombein, 1967) . Depending on the resources used as food they can be classified as cleptoparasites or parasitoids; the first ones use the larval food provisioned by the host to feed their own immature, and the second ones employ the host immature as an alimentary resource to their offspring (Roulston & Goodell, 2011) Among the bees used as hosts, the species that nest in preformed cavities comprise a relevant component of the trophic niche of several natural enemy species (Krombein, 1967) . These bee species perform a high variety of nesting behavior, use different substrates to nest, distinct floral sources to provision their nests, and show different reproductive phenologies (Michener, 2007) . This high diversity observed in this bee group relates with the variety of attack strategies, alimentary preferences, and phenology of many natural enemies and influence their niche breadth, once all these biological aspects represent one dimension of the multidimensional space proposed by Hutchinson (1957) for ecological niches. Therefore, to know the natural history of these natural enemies, their temporal niche, and hosts preferences is essential to understand the community structure and to propose methodologies for prevention of high mortalities rates of bees in conservational and management plans.
So, the understanding this poorly studied natural enemy-host system added with the great diversity observed in both groups, host bees, and their natural enemies, makes them a good model for interaction networks and ecological niche approach.
Another essential component of the community structure, the interaction network, complement the niche study because it represents the interaction strength, their stability and how these interactions are organized among the species of the community (Thébault & Fontaine, 2010; Pocock et al., 2016) . Also, this approach is important not only to understand the structure of interactions but also to identify patterns of responses to environmental changes (Massol & Petit, 2013; Osorio et al., 2015) .
This study aimed to investigate the composition and structure of the interaction networks in two communities of natural enemies and their hosts, species of solitary bees that nest in preexisting cavities. Also, this study investigates the diet breadth of each species of natural enemy and the overlap of trophic and temporal niches among these species.
Material and Methods

Study areas
The study was carried out in an area of Cerrado (Brazilian savanna) of the Santa Cecilia Farm (henceforth referred as SCF) (20°46' S, 47°61' W), municipality of Patrocínio Paulista, and in a remnant of Semideciduous seasonal forest (Atlantic Forest) of the Estação Ecológica dos Caetetus (henceforth referred as EEC) (22°26' S, 49°44' W), municipality of Gália and Alvinlândia, both areas of the state of São Paulo, Brazil.
The cerrado has an area of 98 ha that together with 49 ha of semideciduous seasonal forest form the protected area reserve of the SCF. Both areas, cerrado, and forest, are continuous and contiguous, and practically untouched for more than four decades (Teixeira et al., 2004) . Our sampling was carried out in the cerrado area. According to Köppen (1948) , the local climate is classified as Aw, with a cold and dry season from April to September and a hot and wet season from October to March. During the dry periods, the monthly temperature ranges from 17.4 °C to 22.3 °C and the precipitation from 0.2 to 122.9 mm, and during the hot seasons, the monthly temperature ranges from 21.1 to 23.3 °C and the precipitation from 29.3 to 363.8 mm. The sampling occurred from August 2001 to July 2003 in this area.
The EEC has an area of 2,178.84 ha. The local climate is classified as Cwa (Köppen, 1948) , with temperatures below 18 ºC in winter and above 22 ºC in summer. The average annual precipitation was 1,700 mm (Tabanez et al., 2005) . The vegetation consists mostly of the well-preserved forest, including seasonal semideciduous and gallery forests, immersed in a matrix of agricultural land, containing coffee, pastures, and rubber tree (Hevea brasiliensis L., Euphorbiaceae) crops (Tabanez et al., 2005) . In this area, the sampling occurred from June 2006 to May 2008.
Data collection
The nests were obtained using the trap-nest methodology proposed by Camillo et al. (1995) , where artificial cavities made of black cardboard and bamboo canes were provided in the field as nesting substrate. The cardboard tubes were 6 cm long × 0.6 cm diameter and 8 cm long × 0.8 cm diameter, with one end closed with the same material. These tubes were inserted into cavities drilled in wooden plates (length: 30 cm, height: 12 cm, thickness: 5.0 cm). The bamboo canes, with variable diameters (from 0.8 to 1.5 cm) and lengths (from 10 to 15 cm), were cut so that the nodal septum closed one end of the cane, and all sizes were not equally represented. The bamboo canes were inserted into three PVC tubes with a length of 25 cm and a diameter of 10 cm.
At SCF, three plates with 55 small tubes each, one plate with 20 large tubes, and nine sets of bamboo canes, each set containing 10 to 15 canes, were placed. The PVC tubes and the plates were hung from trees randomly chosen and positioned 1.80 m above the ground. At EEC, the trap-nests were set in seven collection sites; each site had available 40 small tubes and 40 large tubes, and 120 bamboo canes. The trap-nests were put on supports and kept at the study sites fixed at the height of 1.5 m from the ground. To protect the trap-nests from the sun and the rain, the canes were put into PVC tubes, and each plate received a small cover of hard plastic.
The traps were inspected monthly in each area, and completed nests were taken to the laboratory, replaced by empty tubes and kept at room temperature until the emergence of the adults. After the emergence, the nests were opened, and the contents were analyzed. Voucher specimens of bees and natural enemies were deposited in the Entomological Collection of the Departamento de Biologia da Faculdade de Filosofia, Ciências e Letras de Ribeirão Preto, University of São Paulo.
Diet Breadth, Niche overlap, and Network Analysis
The interaction strength between natural enemies and their hosts was attributed based on the number of brood cells attacked by each parasite, once only one individual of natural enemy developed in each brood cell parasitized. The natural enemy Melittobia sp. (Hymenoptera: Eulophidae) was not used in the analysis of niche breadth and overlap, and in the network analysis because it was not possible to attribute the interaction strength due to the strategy of attack performed by this species.
The trophic niche breadth of the communities was calculated using three diversity indices for each natural enemy species: Richness (S), that represents the total number of bee species used as host; Shannon-Wiener diversity index (H´), that represents the relation between the number and abundance of each bee species used as host through the formula ,where S is the total number of bee species used as host by the natural enemy, p i is the proportion of the number of the bee species i used as host in relation of the total number of host used, and the ln is the natural logarithm; and Pielou's evenness index, that indicates if the host bees were explored in a uniform way (J´ = 1) or no (J´ = 0).
Trophic and temporal niche overlap degree among all natural enemies species in each community, SCF and EEC, were calculated in the software TimeOverlap version 1.0 (Castro-Arellano et al., 2010) using the Pianka (1973) and Czechanowski's indices (Feinsinger et al., 1981) . Utilizing the Rosario algorithm, a null-model analysis based on 10,000 randomizations was performed to determine if the community overlap values found were different from that expected by chance using a two-tailed test and a significance level of 5%. To estimate the niche overlap, a matrix of absolute abundance of the number of brood cells attacked for each host species (trophic) or number of attacks observed monthly (temporal) for each natural enemy species were used.
Overlap degrees of trophic and temporal niches for each pair of natural enemies species were calculated with the Schoener index (1986) using the formula implemented in the package spaa 0.2.2 for R version 3.4.3 (R Core Team, 2017), where i and h are the pair of natural enemy species compared, and pik and phk are the number of brood cell attacked for each host species k (trophic) or the total number of brood cells attacked in each month k (temporal).
In order to describe the natural enemies-hosts interactions, a weighted network was built for each sampling local (SCF and EEC) from a matrix of absolute abundance in the software Pajek version 5.03 (Mrvar and Batagelj, 2018) using the 'Kamada-Kawai free' method, in which natural enemy and host species were connected to one another. The degree of specialization in the diet of the populations was calculated in the software R version 3.4.2 (R Core Team 2017) measuring the H 2´ index (Blüthgen et al., 2006) for each community. The significance of this index was estimated with a Monte Carlo procedure using a null model (Patefield, 1981) with the generation of 1,000 random matrices.
The nestedness of each network was calculated in the software NODF version 2.0 based on the weighted metric WNODF (Almeida-Neto & Ulrich, 2011) . The significance of this index was estimated with a Monte Carlo procedure in which 1,000 random matrices were generated using a null model and the randomization algorithm rc (Ulrich & Gotelli, 2010; Almeida-Neto & Ulrich, 2011) .
Weighted modularity was calculated for each network using the 'ComputeModules' function in a bipartite package for R software version 3.4.4.3 (R Core Team, 2017), which uses the QuanBioMo algorithm (Q) for quantitative data matrices (Dormann & Strauss, 2014) . The number of steps taken for the analysis was 10 x 10 5 . Modularity was tested against 1,000 null models using the method 'r2d', which yielded a score z Q , equivalent to the z-score of a normal distribution; following the proposed by Dormann and Strauss (2014) , values of z Q above than 2 represents significant modularity. The modules formed by this analysis were represented in the network using different colors patterns.
To observe the 'network functional role'of each species of natural enemies and hosts, the 'czvalues' function based on species weighted (Bascompte et al., 2006) was used to calculated the connection (c-values) and participation values (z-values), indicating the contribution among and within modules, respectively (Olesen et al., 2007) . Using the critical values showed by Olesen et al. (2007) , 0.625 for c-value and 2.5 for z-value, the species were classified in specialists (low c and z), module hubs (low c and high z), connectors (high c and low z), and network hubs (high c and z). These three last classifications represent generalist organisms. Species with no z-score (= NA) were not shown in the graph.
Results
At SCF, 12 species of natural enemies attacked 49 nests of seven species of solitary bees. These natural enemies belong -Si=1 p i ln p i s NO ih = 1 -1/2 S k pik -phk to four insect orders, Hymenoptera, Diptera, Coleoptera, and Neuroptera. According to the attack behavior, more parasitoid species than cleptoparasites were sampled (Table 1, Fig 1) . During the period of study, we found asymmetry in the phenology of the natural enemy species, as in 2003 when only Coelioxoides exulans (Holmberg) was sampled (Fig 1) .
The natural enemies with the highest number of hosts were C. exulans (4 species), Leucospis cayennensis Westwood (3 species), Anthrax hylaios Marston and Anthrax oedipus Fabricius (2 species). These parasites presented higher richness and diversity of host bees, and C. exulans attacked the highest number of brood cells (n = 29) (Tables 1 and 2 The network was modular, comprised of five modules, and not nested, with the community of natural enemies showing high specialization (Fig 2, Table 3 ).
The community of natural enemies showed low levels of trophic and temporal overlap. The paired analysis showed that only a few species of natural enemy overlap their trophic niches, highlighting the interaction observed between the bee fly A. hylaios and Leucospis manaica Roman (NOih = 0.75). Maximal values of trophic overlap (NOih = 1) were observed in natural enemies with rare occurrence, as for Mantispidae and Mutillidae. Paired temporal niche analysis did not show high overlap among the natural enemies populations, with similar phenology being observed only between few species, as for the cleptoparasite beetle Nemognatha sp. and the parasitoid A. hylaios (NOih = 0.75), and between the two bee fly species Anthrax aquilus Marston and A. oedipus (NOih = 1) (Tables 3 and 4 ).
For both, natural enemies and hosts, all species of the community performed a specialist behavior in the network, showing low levels in the interaction strength between (c-values) and within modules (z-values). The parasitoid A. hylaios showed the highest connectivity levels within the natural enemies species (c-value = 0.5), while the bee Tetrapedia rugulosa Friese showed the highest within the host species (c-value = 0.48). No species showed z-values above 1.3 (Fig 5,  Supplementary Material 1) . At EEC, nine species of natural enemies attacked 148 nests of seven species of solitary bees. The natural enemies belong to four orders, Hymenoptera, Diptera, Coleoptera, and Lepidoptera. According to the attack behavior, we found a higher number of cleptoparasites than parasitoids (Table 2, Fig 3) . Excepting Pyralidae, all natural enemy species were sampled in both years of study (Fig 3) .
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The natural enemies with the highest number of host bees were Coelioxys sp. (4 species), Leucospis sp. (4 species), Coelioxoides cf. waltheriae Ducke (3 species) and Pyralidae (3 species) (Tables 2 and 5, Fig 3) . Coelioxoides cf. waltheriae and Nemognatha sp. were the cleptoparasites more frequent, attacking 66 and 56 cells respectively ( Table 5) .
The network presented a low degree of nestedness and a modular structure, with populations with a specialized diet, and four modules were formed in the network (Table 3, Fig 4) .
The analysis showed trophic niche overlap among the natural enemy populations. Several species of natural enemies presented a high trophic overlap, as the interactions between C. exulans and Anthrax sp. (NOih = 0.93), Nemognatha sp. and Coelioxys sp. (NOih = 0.86), and Nemognatha sp. and Coelioxoides sp. (NOih = 0.86). The temporal analysis did not show overlap among the natural enemy populations, and in the paired analysis, the highest values were observed between Coelioxys. sp. and Leucospis. sp. (NOih = 0.5), and Nemognatha sp. and Pyralidae (NOih = 0.4) (Tables 3 and 6) . As observed for SCF, all species of natural enemies and hosts exhibited a specialized behavior at EEC, with low c and z-values. The cleptoparasite Nemognatha sp. and the host Tetrapedia diversipes Klug showed the highest c-values, closed to 0.6, and no species showed z-values above 1.2 ( Fig  5, Supplementary Material 1) . Both communities were composed by similar groups of parasites and hosts. Tetrapedia species were the most abundant host, while Coelioxoides species were the most abundant natural enemy sampled. Besides, Centris and Mesocheira bees, Nemognatha beetles, Leucospis wasps and Anthrax beeflies were also important components of the two communities. Table 5 . 
Discussion
The communities here studied were composed of similar families and genera of natural enemies and hosts, and the natural enemies showed identical richness and diversity values of hosts used. It was also observed a modular network with high levels of specialization in the interactions between its component members, natural enemies, and their hosts.
The modular structure is expected in antagonistic interactions where the predators, or natural enemies in this study, tend to optimize their attacks, and the preys, or hosts, tend to optimize their defenses, in an arms race, increasing the module formation in the web (Thébault & Fontaine, 2010) .
However, unlike what is reported here, high specialization degrees are not always observed in this network structure (Araujo et al., 2018) . Organisms with preferences in the diet are more likely to occur in habitats structurally more diverse and poorly isolated (Pereira-Peixoto et al., 2016; Araujo et al., 2018) . Both areas sampled in this study are surrounded by urban and agricultural landscapes, and despite the low diet breadth and the specialized performance observed in the network, the majority of the natural enemy species were reported attacking several host species, characterizing a generalist organism in an ecological concept.
According to Michener (2007) , cleptoparasite bees usually attack nests of related lineages. This association between host-cleptoparasite would explain the attacks of the species of the genus Coelioxoides for the nests of their sister genus Tetrapedia, as had been reported by several authors (Aguiar et al., 2005; Gazola & Garófalo, 2009; Rocha-Filho et al., 2017) .
The high abundance of Coelioxoides parasites observed in both communities is related with the high abundance of their available host, Tetrapedia bees, once parasites must synchronize their life cycles with their host's life cycles (Wcislo, 1987) .
Among other species that attack closed phylogenetical taxon are the cuckoo bees of the genus Coelioxys, cleptoparasites of many Megachilidae bees (Krombein, 1967) . However, differently of the Tetrapediini parasites and as observed in this study, Coelioxys exhibited a less specialized behavior, parasitizing nests of others bee groups, as the species of the genus Centris. This association with nests of the oil-collecting bees has also been reported by other authors such as Morato et al. (1999) , Aguiar and Martins (2002) , Gazola and Garófalo (2009), Araujo et al. (2018) , Oliveira and Gonçalves (2017) , Rocha-Filho et al. (2017) and Araujo et al. (2018) .
Species analyzed in this study and that are the natural enemies of many bees and wasps species, as Anthrax and Leucospis (Krombein, 1967) , showed a restrict diet breath due to the limited temporal niche. The same situation was observed for others parasites sampled, as the Pyralidae moth and the mantisflies, who were reported parasitizing many insects groups (Buys, 2008; Hook et al., 2010) , but in this study, they behave as a more specialized organism in the network analysis, attacking few host species.
These aspects of the trophic and temporal niche contributed to the formation of a modular structure in the interaction network. It is worth mentioning that many of the natural enemies analyzed in this study use other groups as hosts, like eusocial bees, ground-nesting bees, and other insects; thus, in the present study was only evaluated a part of the trophic niche of some natural enemies. As other studies showed a modular pattern for this system even considering a broader niche breath for these natural enemies (Araújo et al. 2018), we expected that our network structure maintain the modularity even adding others groups of host.
Under an individual and populational perspective, the niche specialization can favor the optimizing in the costbenefit relation, but also can increase the chance of extinction in face to environmental changes (Biesmeijer et al., 2006) . However, in a perspective of the community, the modular structure and the low connections for the nodes observed in our study indicate that the host-natural enemy interactions at SCF and EEC would present a high persistence and resilience against disturbances (Thébault & Fontaine, 2010) .
Although the sampling effort, years and phytophysiognomy were different, the communities of SCF and EEC were structured by similar groups of natural enemies and host bees. Likewise, other authors reported similar composition in distinct Brazilian areas (Aguiar & Martins, 2002; Gazola & Garófalo, 2009; Mesquita & Augusto, 2011; Oliveira & Gonçalves, 2017; Rocha-Filho et al., 2017; Araújo et al., 2018) , which evidences a closed relationship between these parasites species and their host bees. Evolutionary history and phylogenetic diversity are factors that strongly influence these ecological interactions (Michener, 2007; Staab et al., 2016; Andreazzi et al., 2017) .
In conclusion, this study described the diversity of natural enemies and the network interaction structure in the community. Preferences and seasonality strongly influenced the richness and abundance of these parasites and their interactions with each other and with their hosts. Another point, the similarity observed among communities and time evidence the close relationship between these parasite species and their hosts. Our study contributes to a better understanding of the complex and poorly studied natural enemy-host interaction, and provides relevant information on the diet breadth of these important components of the communities.
